Objectives. This study assessed the regenerative efficacy of basic fibroblast growth factor (FGF) in a rabbit model of chronic vocal fold scarring and then confirmed its utility and safety in a prospective trial of patients with this condition.
INTRODUCTION
The vocal fold, with its highly differentiated, multilayer structure, can be damaged by trauma, surgery, drugs, or radiation. The resulting scarring deforms the fold and inhibits vocal vibratory function. Both conservative and surgical treatment fail to resolve voice impairment, such that chronic vocal fold scarring is considered incurable. The number of patients with voice problems is increasing and includes those with chronic vocal fold scarring after voice surgery. For people who rely on their voice for their occupation, such as teachers, singers, clergy, and telemarketers, chronic vocal fold scarring affects not only their health but also their economic security [1] .
Fibroblast growth factor (FGF), a member of the larger FGF family, plays a crucial role in facilitating vocal fold regeneration. FGF inhibits granuloma formation, and promotes scarless tissue repair, by inhibiting collagen and extracellular matrix (ECM) deposition and hyaluronic acid (HA) generation in lamina propria [2] . Previously reported surgical approaches, such as resection and laser ablation of the vocal fold scar, showed limited results due to an unpredictable wound healing process and regeneration of the lamina propria. The use of growth factors, including FGF, to induce vocal fold regeneration is regarded as one of the most effective alternative treatments in improving the regeneration of the vocal fold. Therefore, in this study we tested the utility and safety of FGF injection to treat chronic vocal fold scarring in an animal model. After determining that FGF was effective in vocal fold regeneration, we carried out a prospective clinical trial in patients with vocal fold scarring ( Fig. 1 ).
MATERIALS AND METHODS

Ethics statement
After the approval of this study by the Animal Ethics Committee, animal was cared strictly in accordance with institutional guidelines. All procedure was conducted under anesthesia by xylazine (5 mg/kg) with an intramuscular injection of 50 mg/kg of ketamine hydrochloride to minimize suffering. Prospective human clinical trial was conducted following Soonchunhyang University Bucheon Hospital Institutional Review Board approval (IRB No.: SCHBC_IRB_ 2010_ 85). The authors registered this study after enrolment of participants because of the ownership of this novel treatment. The use of FGF in laryngology and plastic surgery has already commercialized and this study is not related to any patent. All patients agreed to written informed consent before surgery. The authors confirm that the trial for this intervention are registered.
Animal model of chronic vocal fold scar and FGF injection
This 2-year animal model study was carried out in 24 adult laboratory-conditioned rabbits (mean body weight: 2.8 kg) with chronic vocal cord scarring similar as previous study [3] . Animal care and surgery were performed according to the policies of Soonchunhyang University Bucheon Hospital. The Institutional Review Board (IRB No.: SCHBC_Animal_201010) approved the experimental use of the animals. Single housing in the cage was used to limit the environmental factor. Dried pelleted diets based on hay was fed at around 60-80 g/kg/day. Daily observations and weekly health checks were carried out by animal careers. Two weeks after making vocal fold scar, 2 rabbits died because of stress induced pathologic grooming and hairball induced gastrointestinal problems prior to the experimental endpoint. Twenty four rabbits were raised well and analysed for this study. Ill rabbits were identified by specific abnormal behaviors and they were provided with high standards of care by special animal manager. During the experiment, we had a protocol in place for the early euthanasia/humane endpoints for animals; weight loss of 20%-25%, anorexia up to 5-7 days, weakness to obtain feed, severe infection, signs of severe organ system dysfunction (respiratory, cardiovascular, gastrointestinal: severe vomiting or diarrhea, urogenital, nervous, musculoskeletal, integumentary). Sodium pentobarbital ≥100 mg/kg IP (intraperitoneal injection) was used for rabbit euthanasia. After anesthesia, the vocal folds were exposed through the oral cavity using a long nasal speculum. A 30°, 2.7 mm×30 cm telescope (Karl Storz Co., Tuttlingen, Germany) maximized vi- sualization of the region of interest through the speculum. The epithelial layer and lamina propria were then separated from the vocalis muscle on both sides of the vocal fold using a laryngeal microsurgery device (upward microscissor; Microfrance, Medtronic Co., Saint Aubin le Monial, France). Scar maturation was complete 3 months after vocal fold scarring surgery. All chronic vocal fold scarring procedures were performed by the same surgeon (SWL) to reduce procedure bias. With the rabbits under anesthesia as described above, they were divided into an experimental group and a control group. The each side of lamina propria of vocal fold was injected weekly with 0.1 mL (10 μg) of FGF (Fiblast, Kaken Pharmaceutical Co., Tokyo, Japan) using a 27-gauge Xomed orotracheal laryngeal injector (Medtronic, Minneapolis, MN, USA) for three times (experimental group, n=12). Phosphate-buffered saline (PBS) was injected in each side of vocal fold in the same way (control group, n=12). Power calculations have been done using our data based on 2,000 Monte Carlo samples from the null distributions by using PASS 12 (NCSS, Kaysville, UT, USA) program. When there is a difference at the 0.05 significance level using a two-sided Mann-Whitney Wilcoxon test, group sample sizes of 6 and 6 achieve 83% (relative density of HA), 100% (relative density of collagen), 100% (procollagen), 89% (hyaluronic acid synthetase 2 [HAS 2]), and 100% (matrix metalloproteinase 2 [MMP 2]) power to show a mean difference. The rabbits were euthanized for laryngeal harvest to investigate the mRNA level of ECM gene and histology of vocal fold each at 1 month and 3 months after 3 times of injections. The sequential regenerative ability of FGF was evaluated. Based on the lifespan of rabbits, 3 months was considered long enough to evaluate the long term effect of FGF injection.
Real-time PCR of ECM gene expression in the vocal fold
The laryngeal tissues of the twelve rabbits were used to analyze ECM gene expression by real-time polymerase chain reaction (PCR). After dissection of the vocal folds from the larynx, the homogenized tissues in a Mixer Mill (Retsch Inc., Pittsburgh, PA, USA) were made. The isolated total RNA produced by an RNeasy kit (Qiagen, Valencia, CA, USA) was prepared. High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) was utilized for reverse transcription.
Rabbit-specific primers for procollagen type I, HAS 2, MMP 2 and β-actin were purchased from Integrated DNA Technologies (Coralville, IA, USA) based on previously published sequences (Table 1 ) [4] . Using the iQ SyBR kit (Bio-Rad, Hercules, CA, USA), real-time PCR was conducted. The quantified mRNA levels in the tissue samples were compared. Relative gene expression (fold-change) was tested by the 2-ΔΔCT method. The housekeeping gene β-actin was evaluated as an internal control. The data from the FGF (n=6) vs. PBS (n=6) injection group were compared statistically.
Histology of the FGF-injected vocal fold
The tissues from twelve rabbits were prepared after fixation in 10% v/v formaldehyde and embedding in paraffin. The middle portion of the membranous vocal fold was analysed histologically from the serial laryngeal coronal section (6 μm thick). The sections were stained with hematoxylin and eosin (HE); HA was detected by alcian blue staining, and collagen by Masson's trichrome staining. The ratio of special stained pixels relative to the whole HE-stained area was determined in both the lamina propria and the vocalis muscle. The ratio was interpreted as the relative density of HA or collagen by one pathologist blinded to the treatment to minimize measurement bias. The same method was used in our previous study of fat block implantation in the vocal fold using a minithyrotomy approach [5] . The data from the FGF (n=6) vs. PBS (n=6) injection group were analyzed statistically.
Prospective human clinical trial of FGF injection in patients with chronic vocal fold scarring
Patients
On the basis of the previous rabbit study, a prospective human clinical trial was conducted following IRB approval (IRB no.: SCHBC_IRB_ 2010_ 85). From April 5, 2012 to February 2, 2013, patients with dysphonia due to mild vocal fold scarring and with a minimal glottis gap were recruited. The size of the glottis gap was measured at less than 2 mm and resulted in decreased vocal vibration seen on stroboscopy. All 17 patients who participated in the study had a history of chronic vocal fold scarring due to previous laryngeal microsurgery, with a history lasting over 1 year. They were followed-up until September 25, 2014 by a single head and neck surgeon. Patients with a history of other vocal fold diseases, such as atrophy, mucosal lesion, granuloma, or sulcus vocalis, or a history of malignant tumors of the vocal fold were excluded.
FGF injection
A single surgeon (SWL) injected the FGF percutaneously after local anesthesia using transnasal fiberscopic monitoring (Olympus laryngobronchoscope ENF type T3 ver. 2, Olympus, Tokyo, Japan). FGF (Fiblast), at a dose of 20-30 µg in 0.2-0.3 mL re- constituted solution, was injected at Reinke's space. The choice of injection approach-cricothyroid, transcartilagenous, or thyrohyoid-depended on the accessibility to the vocal fold (Fig. 2) .
Objective and subjective voice analysis
Voice quality was analysed prior to and 3, 6, and 12 months after FGF injection. The average percentages of jitter and shimmer, as well as the harmonics-to-noise ratio (HNR), are objective voice parameters and calculated with the Multi-Dimensional Voice Program (MDVP; model 4500, Kay Pentax). Another objective parameters for both the maximum phonation time (MPT) and the voice range profile (VRP) were checked using the Computerized Speech Lab (CSL model 4500, Kay Pentax) and averaged after three trials. Auditory perception was measured using the overall sum of the GRABAS (grade, roughness, breathiness, asthenia, strain) scale [6] . Psychosocial data were surveyed using the Voice Handicap Index (VHI-10, Korean language version) [7] . Endoscopic and videostroboscopic results were obtained via a stroboscope (Model 9100, Kay Pentax). Glottal closure and the mucosal wave were evaluated using a previously reported, independent, four-point scale where 0=severe glottic gap, no wave; 1 =moderate glottic gap, obvious decreased mucosal wave; 2=mild glottic gap, slightly decreased mucosal wave; and 3=complete closure, full wave [8] .
Statistical analyses
The Wilcoxon signed-rank test and Mann-Whitney U-test via the SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA) were performed. Statistical significance was indicated as P-value<0.05.
RESULTS
Real-time PCR of ECM gene expression in the vocal fold
One month after FGF injection, the fold changes in the mRNA of the target genes relative to the mRNA level of the housekeeping gene β-actin were determined. A Mann-Whitney U-test revealed significant increases in HAS 2 and MMP 2 expression in the FGF vs. the PBS injection group whereas the decrease in procollagen type I expression on the treated group was without statistical significance (Fig. 3) .
Histology of the FGF-injected vocal fold in a rabbit model
Three months after FGF injection, the relative densities of HA and collagen in the FGF-injected and control groups were compared. In the FGF injection group, a representative coronal sec- phosphate-buffered saline (PBS; 0.1 mL) and (B) fibroblast growth factor (FGF; 10 µg/0.1 mL). Injection was performed 3 months after the scar-inducing injury. Coronal sections (6-µm thick) were prepared from the laryngeal tissues of 12 rabbits euthanized 6 months after scar formation. The FGF-injected fold (black dotted circle) shows greater vocal fold volume without an increase in the density of blue stained collagen (×20) than PBS-injected fold (red circle).
A B
tion showed less stained blue-colored collagen in the lamina propria of the vocal fold (Fig. 4) . The results showed that the relative density of collagen was significantly less on the FGF-injected than on the PBS-injected control group (P<0.05) (Fig. 5) ; the relative density of HA was slightly, but not significantly, higher on the FGF-injected group.
Voice analysis data after FGF injection in patients with chronic vocal fold scarring
The mean volume and frequency of FGF injection was 0.25± 0.12 mL and 1.85±0.6 times, respectively. The mean duration until the achievement of subjective voice improvement after FGF injection was 47.9±25.6 days. The demographic data of the patients are shown in Table 2 . Voice parameters were compared with the baseline voice data at 3, 6, and 12 months postinjection. Except for the HNR, all objective parameters at 3 months post-injection had improved significantly. However, at 12 months post-injection, only trends towards an improvement in the percentage of jitter and shimmer had occurred. By contrast, the significant improvements in both the MPT and the VRP were retained at 12 months. All subjective parameters (GRABAS score, VHI-10, glottic closure grade, mucosal wave grade) became better at 3 months significantly and became steady at 12 months post-injection (Table 3) . Stroboscopic findings and diagrams of the MDVP from a representative case are demonstrated (Fig. 6 ).
Postoperative complication
No serious adverse events, such as vocal fold granuloma formation, tumor growth, or vocal fold scar aggravation, occurred during follow-up period.
DISCUSSION
Vocal fold scarring damages the vibratory function of the vocal fold, resulting in serious voice problems, with particularly high social costs for individuals whose jobs rely on a healthy voice, such as teachers, performing artists, clergy, and telemarketers [1, 9] . Moreover, voice disorders caused by vocal fold scarring are considered to be incurable, as current therapies, including surgical treatment (medialization thyroplasty, fat/collagen or ste- Values are presented as number or mean±standard deviation. VAS, visual analogue scale (1, extremely dissatisfied; 10, extremely satisfied). Significantly improved between baseline and 6 months postoperatively.
c)
Significantly improved between baseline and 12 months postoperatively. Fig. 5 . Histological image analysis of hyaluronic acid (HA) and relative collagen density in the FGF-injected group vs. the PBS-injected group. The relative density of collagen was significantly lower whereas that of HA was not significantly higher in the FGF-injected group vs. PBS-injected groups. FGF, fibroblast growth factor; PBS, phosphate-buffered saline. *P <0.05 in a Mann-Whitney U-test. roid injection, and scar lysis) cannot restore the distorted layered structure of the vocal fold [10, 11] . Consequently, new tissue-engineering-based approaches, such as cell therapy [12] , as well as the use of growth factors [13] [14] [15] [16] [17] are being pursued to treat vocal fold scarring. Hepatocyte growth factor has been previously reported for the treatment of chronic vocal fold scarring but its difficult manufacturing process has led to limited distribution. Another growth factor includes FGF, which plays a role in cell migration, angiogenesis, and the growth and differentiation of several tissue types. Fiblast (Kaken Pharmaceutical Co.), the form of FGF used in this study, is a commercialized spray of human recombinant bFGF. Repeated injection of this product to chronic vocal fold scar was clinically convenient and an additional drug delivery system, which can be restrictive in clinical use, was not necessary. Although commercial FGF application has been approved for treatment of skin ulcers, Hirano et al. [18] carried out a clinical study examining the effects of FGF in age-related vocal fold degeneration, based on the results of an aged rat model in which the ability of FGF to restore normal ECM synthesis by fibroblasts, reduce collagen type 1 mRNA expression in gingival fibroblasts, and stimulate HAS 2 synthesis by skin fibroblasts was demonstrated [19, 20] . However, previous studies regarding the clinical application of FGF injections to vocal fold scars have been limited due to the small number of subjects and short clinical follow-up periods of less than 1 year to prove the potential safety. Hirano et al. [18] reported that repeated injections of bFGF (10 µg in 0.5 mL saline) had a therapeutic effect in the vocal fold scar of 7 patients and Kanazawa et al. [21] demonstrated satisfactory voice quality 2 to 3 months after only a single injection of 50 μg of bFGF in 0.5 mL saline into vocal fold of 6 patients. According to a previously reported injected dose of FGF, we injected 20 µg of FGF in 0.2 mL reconstituted solution supplied by a Fiblast vial into the lesioned side of the human vocal fold. Before the clinical trial, 10 µg of FGF in 0.1 mL reconstituted solution, which is a similar concentration and total dose, was tried with bilateral rabbit vocal folds to confirm safety. Finally, we developed a rabbit model of chronic vocal scarring and then confirmed the restorative effect and safety of FGF in a larger clinical trial for long enough time about 1 year [20, 21] .
In our rabbit model of chronic vocal fold scarring, FGF injection decreased the relative density of collagen and increased mRNA level of HAS 2 and MMP 2 significantly. Increased collagen deposition and decreased HA are known as the most common histological findings in a scarred vocal cord. Both reflect genetic changes; specifically, an increase in procollagen type 1 and a decrease in HAS 2 and MMP 2 expression [3, 22] . A corresponding improvement in vocal fold scarring was seen histologically. The relative density alterations in the ECM of the lamina propria after FGF injection was also confirmed histologically and was consistent with the significant regenerative effect of FGF vs. the PBS control. The regenerative change was also validated at the genetic level, by real-time PCR measurements of ECM gene expression in the FGF-injected vocal fold tissue. Although the density and mRNA level of HA and collagen were not correlated, we interpreted that the result was due to the difference in when the vocal fold was harvested, small number of included subjects in the experimental group (n=6), and small volume of the rabbit vocal fold. Three months in the life of a rabbit is similar to several years in humans; therefore, our animal study based on 3 months of FGF injection was able to demonstrate the long-term regenerative effect of FGF. In our clinical prospective human clinical trial, patients who received FGF injections to treat chronic vocal fold scarring experienced significant improvements in both subjective and objective voice parameters for as long as 1 year, without severe side effects. The present study is not sufficient to conclude the efficacy of the FGF, because a control group, such as a PBS injection group in an animal model, is not provided. Further randomized control study is recommended to identify consistent efficacy.
In conclusion, based on a rabbit model of vocal fold scarring and the results of a prospective clinical trial, our study demonstrated that mild chronic vocal fold scarring can be successfully treated by FGF injection. The treated patients showed significantly improved voice quality for as long as 1 year, without side effects. Thus, our study recommends the use of FGF vocal fold injection as an alternative treatment modality in patients with mild chronic vocal fold scarring.
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